The partial pressure of CO2 in seawater and air-sea CO2 flux were
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INTRODUCTION
The carbon cycle on the earth's surface has been disturbed by fossil fuel combustion from anthropogenic activity and the subsequent abrupt global climate changes (Houghton et al. 2001 ). Exchange of gas across the air-sea interface is an important component of global climate dynamics however, the kinetics of CO2 transfer across this interface is complex because many different mechanisms and processes are involved having large spatial and temporal variabilities (Wanninkhof 1992; McGillis et al. 2001 Frew et al. 2004 .
Coral reefs are one of the most biologically active ecosystems in coastal areas, with important roles in the carbon cycle of producing organic carbons and accumulating carbonate sediment (Berger 1982 Gattuso et al. 1998 ). The exchange of C02 between the air and the sea on coral reefs is driven by differences in the C02 concentrations of air and seawater, biogeochemical processes, and the physical conditions of the sea surface. The physical conditions of the sea surface are usually related to wind speed, which is the primary regulating factor affecting the thickness of the sea surface boundary layer. Air-sea C02 flux on coral reefs has been estimated using a wind speed dependent equation (Ohde and Woesik 1999 Bates et al. 2001 Bates 2002 . However, measured flux values are one to two orders of magnitude greater than those estimated using the equation (Frankignoulle 1988; Frankignoulle et al. 1996; Gattuso et al. 1996b) . In mesocosm studies, substantial air-sea CO2 fluxes were observed even with wind velocities close to zero (Fujimura et al. 2001; Langdon et al. 2003) .
The CO2 concentration in coral reef seawater is mainly controlled by the community metabolism of reef organisms (Suzuki et al. 1995; Gattuso et al. 1996a ). Calcification and respiration provide CO2 while photosynthesis absorbs CO2 in seawater (Ware et al. 1992; Frankignoulle et al. 1996; Gattuso et al. 1996a) . Many studies of CO2 in coral reefs have been principally confined to the interaction between the coral reef community and the adjacent seawater (e.g., Kano 1990; Ware et al. 1992 ). We measured the air-sea CO2 flux and the partial pressure of CO2 in seawater (PCO2) for a coral reef at Sesoko Island, Japan, to verify the amount of CO2 transported at the atmosphere and seawater interface, and to clarify how much CO2 is released or absorbed, in comparison with estimates based on the wind velocity-dependent theory.
METHODS

Study site
The study site was located in a fringing reef opposite the Tropical Biosphere Research Center on Sesoko Island (26°37'56"N, 127°51'59"W), University of the Ryukyus, Okinawa, Japan (Fig.  1) . Dominant coral species were Goniastrea aspera, Porites lutea, Acropora sp., and Galaxea spp. The current on the shoreline flows constantly, primarily from NNE to SSW, at 5 cm s l velocity over the coral reef community (Tokeshi 2004) .
Observations
The observations were conducted for 40 to 44 h in June and December 2001, and in March 2002. We measured the air-sea CO2 flux and the partial pressure of CO2 in the water at the edge of a pier located downstream (Site A in Fig. 1 ). The seawater and air temperatures were recorded by data loggers every 15 min using temperature sensors (TidbiT; Onset Computer Corp., Cape Cod, MA, USA).
An anemometer (Mode1038; Met One Instruments Inc., Grants Pass, OR, USA) was placed half- way across the pier (Fig. 1 ) approximately 3 m above the sea surface. Wind speed was recorded by a data logger (HOBO Onset Computer Corp.) every 5 min. The data were converted to values at a standard height of 10 m (U10) using a common meteorological empirical exponential equation:
where UZ is the wind speed (m s') at Z m above the sea surface, n is the empirical number of geographical roughness that varies from 7 to 10 at sea or in seaside areas. We used a geographical roughness of 9 for the similar conversion as described by Liss and Merlivat (1983) .
Cot measurement system
The partial pressure of CO2 in seawater (PCO2) and air-sea CO2 flux (FCO2) were measured using a non-dispersive infrared gas analyzer (NDIR; LI-6252; LI-COR; Fig. 2 ; Fujimura et al. 2001) .
The system was equipped with traps for dehumidification [CaCl2 and Mg(Cl04)2] . Sample gas was pumped up into the NDIR and calibrated with air-based standard gas (356 µatm) and nitrogen (0 µatm) at a flow rate of 300 ml min'. The precision of CO2 measurements by NDIR was ± 1 µatm. The CO2 concentration data were recorded in a computer every 1 s.
For seawater PCO2 measurement, the air was equilibrated with seawater in a shower-headed equilibrator (designed by the Japan Meteorological Research Institute Inoue et al. 1987) for 30 min and introduced into the NDIR system.
The air-sea C02 flux was measured by monitoring changes in atmospheric CO2 concentration in a chamber floating on the surface (Frankignoulle 1988 Fujimura et al. 2002 . The enclosed air from the chamber was introduced into the NDIR system for 15 min. The inside of the chamber wall was covered with a flexible plastic sheet to compensate for atmospheric pressure during observations. The outside surface of the chamber was covered with an aluminum sheet to avoid any thermal greenhouse effect. The air-sea CO2 flux (FCO2: mmol m 2 h') was obtained from the following equation:
( 2) where aP~o2/dt is the slope of PCO2 with time in the chamber (atm h'), V is the volume of the chamber (0.36 m3), R is the gas constant, T is the temperature (K), and S is the enclosed sea surface area of the chamber (0.14 m2).
The chamber method has certain potential problems, such as the loss of precision and the difficulty of use under severe weather conditions (Frankignoulle 1988 ). However, this method can detect the effects of water-column turbulence Fig. 2 . Measurement system for the air-sea CO flux and partial pressure of CO in seawater. and gas exchange due to bubbling, although it suppresses wind effects (Frankignoulle 1988 ). Wanninkhof and Knox (1996) employed a similar method to distinguish the chemical enhancement of the gas exchange coefficient from wind-dependent effects. For these reasons, we chose the chamber method as a suitable method to estimate the airsea C02 flux and its controlling factors in a coral reef.
RESULTS AND DISCUSSION
Pc02
The PC02 values were low during the day and high at night, indicating clear diurnal variations ( Fig. 3 ) and suggesting that PC02 levels at the Sesoko coral reefs were mainly controlled by the photosynthetic and respiratory activities of reef organisms. In summer, PC02 increased up to 677 µatm at night and decreased to 289 µatm during the day (~PC02 = -81 to +307 µatm). PC02 varied between 250 and 540 µatm (LPC02 = -120 to +170 µatm) in December (winter) and between 270 and 500 µatm (LPC02 = -100 to +130 µatm) in March (spring).
Air-sea C02 flux
The results for air-sea C02 flux are shown in Table 1 . The air-sea C02 flux showed diurnal variations, which corresponded to the variation in PC02 (Figs. 3 and 4) . The C02 flux ranged from -0 .4 to 1.2 mmol m 2 h 1 in June and from -1.0 to 1.3 mmol m 2 h 1 in December. In March, the air-sea C02 flux varied from -0.6 to 0.2 µmol m 2 h' . C02 was absorbed mainly in the daytime, during photosynthesis when the PCO2 level was lower than the atmospheric level (370 µatm), and released at night during respiration, when the PC02 was over 370 µatm. The net air-sea C02 flux for 24 h was 5.5 mmol m 2 d 1 for C02 evasion in June (29 June 2001, 10:00 h-30 June 2001, 08:00 h), while it was 0.6 mmol m 2 ft' for C02 invasion in December (8 December 2001, 10: . These seasonal variations were strongly related to the PCO2 variation in the coral reef water. It was also observed that the period of high PCO2 over the atmospheric level (370 µatm) continued longer in June than during the other seasons (Fig. 3) . This extended period of high PCO2 was attributable to the high community respiration rate in summer.
The present results of 24-h net air-sea CO2 flux are consistent with those of previous studies in coral reefs. Gattuso et al. (1993) reported that the water in Moorea Coral Reef released 1.5 mmol m 2 d l of CO2 to the atmosphere. Studies by Frankignoulle et al. (1996) indicated seasonal variations of 1.1 to 2.1 mmol m 2 d 1 (invasion) at Moorea in winter and 2.7-6.5 mmol m 2 d1 (evasion) at Yonge Reef in summer. These values were measured using the bell method described in Frankignoulle (1988) .
Sesoko coral reefs are usually subjected to a seasonal wind from the north in winter. The average wind velocities are 3.6 m s 1 in December (winter) and 0.4 m s 1 in June (summer). Generally, the air-sea CO2 flux increases with wind velocity because the gas exchange coefficient is a function of the thickness of a stagnant film at the airwater interface. The wind is the primary factor causing turbulence at the interface (Jahne et al. 1987) . The air-sea CO2 was directed from the ocean to the atmosphere with a mean flux of 3.3 ± 4.6 mmol CO2 m 2 d-1 on the Bermuda coral reefs (Bates et al. 2001) . This was determined using the transfer velocity-wind speed relationships of Wanninkhof (1992) , which are based on a quadratic dependency between the two. Langdon et al. (2003) estimated a CO2 flux of 17-19 mmol C m 2 d 1 for CO2 invasion based on the gas exchange coefficient of CO2 derived from SF6 in the coral reef mesocosm of Biosphere 2 (B2) under the no wind condition. The result indicated the possibility that air-sea CO2 flux is relatively high even at low wind speeds. In the present study, the variation in air-sea CO2 flux in June and December was similar, but a difference in wind velocity was clearly observed (0.4 m s l in June and 3.6 m s l in December). The amplitude of the CO2 flux in March was lower than that in June despite a similarity in the wind velocity (0.7 m s 1 in March). We also observed a high air-sea CO2 flux using the chamber method under the no-wind condition, especially when the chamber was deployed close to the beach where bubbles were generated by waves (Site B in Fig. 1) . The air-sea CO2 flux was -2.49 mmol m 2 h', which was as large as the amplitude of the diurnal variation at Site A. Phenomena such as bubble generation and wave breaking can be driving forces of air-sea CO2 flux Wanninkhof 1998 McGillis et al. 2001) .
Gas exchange coefficient
To investigate the extent of the effects of perturbation that was not related to wind, we compared the gas exchange coefficient derived from our method with that from the winddependent equation. The air-sea CO2 flux (FCO2) is estimated from the gas exchange coefficient (k0 c2 ) and LiPCO2 as follows (Tans et al. 1990 ):
where a is the solubility of CO2 and LPCO2 is the PCO2 difference between air (370 µatm) and sea, i.e., OPCO2 = PCO2air -PCO2sea. Most equations relate the gas exchange coefficient ( k0 2) to wind velocity to extrapolate fluxes over longer space-and timescales. These coefficients include the dual tracer (Wanninkhof et al. 1993 Nightingale et al. 2000 and isotopic methods (Broecker et al. 1985 Peng et al. 1987 . In contrast, the gas exchange coefficient can be obtained from the slope of the air-sea CO2 flux for a • OPCO2 (Fujimura et al. 1999 ). In the present study, the coefficient was found to be 13.7 ± 2.7 cm h 1 for wind conditions ranging from 0 to 5.8 m s 1 (Fig. 5 ). Our result for the gas exchange coefficient was an average value for three seasons derived from all data taken during three sets of observations. This average value was higher than the values derived indirectly using the wind-dependent equation under the weak-wind condition (wind velocity < 5 m s 1; Fig. 6 ).
Most previous studies on FCO2 have estimated the gas exchange coefficient based on the theory of a thin layer between a gas and a solution under strong wind conditions (Jahne et al. 1987 Jacobs et al. 1999 ). The gas exchange coefficient derived in the present study was five times higher than that of Wanninkhof (1992) and 30 times higher than that of Liss and Merlivat (1986) when the wind velocity was set to the medium value of 2.8 m s'. Komori and Shimada (1995) devised a wind-dependent equation that considered the effects of turbulence by generating a perturbation from an oscillating grid in the water. Our exchange coefficient was close to the value from their equation when the wind velocity was around 4 m 51 , suggesting that the air-sea C02 flux at the Sesoko coral reefs was not driven solely by the effect of wind but also by various perturbations including turbulence effects.
Seawater in coral reefs is subjected to various effects, such as waves breaking at the reef crest, crosscurrents generated by the complex structures of reef substrates, and bubble entrainment on the edge of sandy beaches. Wanninkhof and Knox (1996) suggested a chemical enhancement by a C02 hydration reaction in the boundary layer and observed that the chemically-enhanced gas Fig. 5 . Relationship between air-sea CO2 flux and a LPCO2. a is the solubility of CO2 and APCO2 is the difference between CO2 in the atmosphere and the sea. The slope of the regression curve indicates the gas exchange coefficient for CO2. Fig. 6 . Comparison of the gas exchange coefficient derived from the chamber method to those derived as a function of wind velocity. exchange coefficients were 20% higher than unenhanced gas exchange coefficients using the Wanninkhof (1992) formula. Bubble formation can also enhance air-sea CO2 flux, because bubble surfaces provide an additional interface for gas exchange, and the partial pressure of bubbles is greater than that of air (Woolf and Thorpe 1991) . Furthermore, bubbles can reduce or remove the thin layer or promote surface renewal (Woolf 1997) . Our study site was located very close to a beach where bubbles were continuously formed by tidal and wave-related water motion at the edge of the sea on the sandy shore. These disturbances may have contributed to the high air-sea C02 flux measurements and resulted in the high gas exchange coefficient in this coral reef.
We conclude that at the Sesoko coral reefs, the effects of disturbances such as turbulence, chemical enhancement, and bubble-mediated transfer for kco2 must be considered when using equation (3) to estimate air-sea C02 flux otherwise, the calculated flux may be lower than values estimated using the chamber method. Use of the wind-dependent gas exchange coefficient is appropriate for open-sea settings where there are fewer disturbances. Further studies on air-sea C02 flux are recommended in coastal regions, especially coral reefs, where biological activities and perturbations are more frequent than in the open sea.
